
1. Introduction

Environmental management problems involve a variety of concerns, such as cost, health
and programmatic risks, as well as impacts on cultural resources. A  problem with the
analysis of these impacts of environmental decisions is that they have different units
and are dif� cult to de� ne. Yet, they must be accounted for in an ef� cient decision-
making process, as failure to address any of these is likely to result in controversial
decisions.

A  second problem is due to the fact that there are usually several individuals or
groups that are interested in in� uencing the decision, even though they are not the
decision-makers themselves. These individuals or groups are generally referred to as
stakeholders and they may include various government agencies and citizen groups. It
is widely accepted that the stakeholders must be involved in the decision-making process
from the beginning (National R esearch Council, 1996). Consequently, the decision-
maker must deal with a diverse audience of technical and non-technical people, as well
as with the multitude of their technical and value-laden quantitative and qualitative
concerns. Each stakeholder has his/her own set of objectives that he/she wishes to
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achieve. A lthough other stakeholders share most of these objectives, they may not be
valued the same way. For example, the costs of the proposed decision alternatives are
usually viewed differently by the site owner and the other stakeholders. It is evident,
therefore, that methods are needed to elicit stakeholder priorities and preferences that
are accessible to all kinds of stakeholders and � exible enough to account for the impre-
cision and inconsistencies inherent in human subjective judgements.

The decision-making process cannot be based on the prioritization of the decision
criteria only. The alternatives at hand must be analysed and then compared against
these criteria to see which alternative is most likely to match them. It is unlikely that,
in a real case, an alternative will perform better than all the others under all criteria.
For instance, inexpensive alternatives typically result in a relatively poor  removal of
contamination or may not be as safe for workers as more expensive ones. Therefore
the decision making process is seldom cut and dry and one should consider some trade-
offs, for instance, whether improvements are worth their cost. This depends on the
actual extent of the improvement, its cost and on how these are valued by different
stakeholders.

Thus, two sets of data must be combined: the performance of the decision alterna-
tives under different criteria (such as cost, contamination removal, and worker safety)
and the relative importance that the stakeholders wish to assign to the decision criteria.
O nce these two elements are combined, an overall Performance Index (PI) can be
de� ned for each alternative for a given stakeholder, who can, then, rank the decision
alternatives.

This integration process can be carried out using the following equation, whose
elements summarize this discussion:

PIk
j = S

i
wk

i uk
ij (1)

where PIk
j is the performance index for the jth decision alternative, for the k th stake-

holder; wk
i is the weight of the ith decision criterion (or Performance Measure, elicited

from the k th stakeholder, see Section 2.1); u k
i j is the utility of the impact of the jth

decision alternative on the ith decision criterion (also elicited from the k th stakeholder;
the impacts are estimated by risk assessments).

This paper presents an application of the A nalytic Hierarchy Process (A H P; Saaty,
1996) to the problem of developing a set of weights for each stakeholder that capture
his/her preferences over a set of decision criteria. In other words, the wk

i are being
assessed. This development is conducted in an interactive way in which the A HP results
are the starting point and the stakeholder, through deliberation, has the � nal word.

This methodology was implemented in a project whose aim was to develop a deci-
sion-making framework involving multiple stakeholders that could be used by the
D epartment of Energy in environmental restoration decisions (A dvanced Sciences, Inc.,
Beta Corporation International, Massachusetts Institute of Technology, New Mexico
State University, and Q uanticSci Inc., 1997). The present paper deals only with the
derivation of weights. The site chosen for the development of this prototypical method-
ology was a hazardous chemical waste land� ll (CWL) located at a U S National
Laboratory. To simplify the analysis, the project team focused on TCE (trichloroeth-
ylene, an organic) and chromium (a metal), which were considered to be the primary
environmental concerns at the site. E leven stakeholders representing the public, the
site owner, and regulatory agencies (state and city) participated in the prioritization
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(see Table 1). The decision options consisted of six Remedial A ction A lternatives
(RA A s) ranging from in-situ vitri� cation to off-site treatment. 

It should be stressed that the assessment of the impacts (uk
ij) and the computation

of the PIk
j are outside the scope of this work. Also, for an accurate description of how

the PI rankings for different stakeholders were used on the way towards a decision in
the context of an analytic-deliberative process (National Research Council, 1996), the
reader is referred to Apostolakis and Pickett (1998).

In Section 2, we present the structure of the decision problem and the overall method-
ology for the derivation of weights. The aim is to provide some more detail on Equation
1. In Section 3, we review the A nalytic Hierarchy Process, which is the method for
pairwise comparisons of objectives that has been used in this work. The actual imple-
mentation of the proposed approach is presented in Section 4, along with several insights
gained during this application. Finally, Section 5 offers some conclusions.

2. Structure of the decision problem

In this section we outline a systematic process of structuring the decision problem by
identifying and decomposing the concerns and objectives of the stakeholders.

2.1. Performance measures

The � rst step is the construction of a hierarchical structure of impacts and objectives
often called the value tree. Examples of how this can be done are given in Edwards
and Newman (1986) and in Gregory and Keeney (1994). A lthough the development of
this tree is beyond the scope of this paper, we discuss its parts that will help us in
explaining the prioritization process.

In our case study, the top objective is to ‘Maximize the Bene� ts of R emediation’.
The question now is how each R A A contributes to the achievement of this general
objective. For the CWL, the analysts identi� ed, in close collaboration with the stake-
holders, six broad categories of RA A impacts: ‘Programmatic Assumptions’, ‘Life Cycle
Cost’, ‘Socioeconomic Issues’, ‘Cultural, A rchaeological, and H istoric Resources’,
‘Environment’ and ‘H uman H ealth and Safety’ (Fig. 1). A n alternative way of looking
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Table 1. Stakeholder af� liations.

Stakeholder O rganization

SH 1 R eal estate agent
SH 2 National laboratory employee
SH 3 City Environment and Health Department
SH 4 R egional Council of Governments
SH 5 National laboratory contractor
SH 6 Community A dvisory Board
SH 7 Community Involvement and Issues Management
SH 8 Native A merican Nations
SH 9 State Environmental Department
SH 10 City
SH 11 County Environment and Health Department



at these impacts is to say that the minimization of, for example, the impact on human
health and safety is an objective category that contributes to the maximization of reme-
diation bene� ts, i.e. the overall goal.

These impact categories are very broad and do not lend themselves to a direct quan-
titative evaluation. The categories, then, are decomposed into their more elementary
constituents; in other words, one should de� ne which particular objectives make up each
impact category. The objectives represent the speci� c action goals that the decision
should achieve. Within the ‘Socioeconomic Impacts’ category, for example, ‘Promoting
Community Q uality of Life’ and ‘Environmental Justice’ are two objectives that the
implementation of an RA A should achieve (Fig. 2). A s a second example, an RA A can
be preferred over another because it is easier to implement (e.g. requires fewer mechan-
ical equipment) or results in minimal waste generation or, � nally, presents fewer
organizational concerns (e.g. it does not need any permission for the use of special tech-
nologies or is less likely to be subject to administrative delays). This would be captured
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Fig. 1. First tier of the value tree: impact categories.

Fig. 2. Socioeconomic impact category broken into its objectives and performance measures.



by the objectives constituting the category ‘Programmatic A ssumptions’. Similarly, all the
objective categories can be expanded in terms of the related objectives.

The objectives are fur ther re� ned in terms of Performance Measures. These are the
measurable quantities needed to evaluate how well an RA A  meets the objectives (they
are the ‘decision criteria’ of Equation 1). For example, the impact that a remediation
technology has on the local economy and the changes it introduces to the ambient
conditions can be considered directly quanti� able measures of how a given RA A
promotes the community quality of life (Fig. 2) . The transition from a general level
(the impact categor ies) to a more speci� c, and quanti� able, level (the PMs) is now
complete (Fig. 3).

The result of the structuring process is not expected to be unique in the sense that
different stakeholders are expected to organize their objectives differently. Even in the
case of a tree common to a number of stakeholders, the priority weights assigned to
the branches of the tree, being a measure of the relative importance of the corre-
sponding issues, are expected to be different for different stakeholders.1

2.2. Decision analysis

Formal decision theory can be applied to each stakeholder’s preferences to develop a
ranking of his/her decision alternatives. Examples of applications of decision theory to
environmental problems can be found in Merkhofer and Keeney (1987), Keeney and
von Winterfeldt (1994), and Kadvany (1995) . In general, this requires the evaluation
of the impact of each remedial action alternative on the set of Performance Measures
and the expression by the stakeholder of his/her preferences over these impacts. This
allows the calculation of the expected utility for each alternative. To distinguish the
latter from the expected utility of each PM (uk

ij in Equation 1), we call the expected
utility of a decision alternative its Performance Index (PI; see Equation 1).

Behind the formal structure of Equation 1 there is an assumption of mutual prefer-
ential independence of the performance measures (Keeney, 1981) which needs to be
checked with the stakeholders. It must be stressed though, that linear models are rather
robust, so that even quite substantial amounts of deviation from the independence
assumption will make little difference to the ultimate utility values and even less to
their ordering.

To obtain the quanti� cation of the impact of each R AA  on the PMs, i.e., the uk
ij,

in� uence diagrams can be constructed (H ong and Apostolakis, 1993) and used with risk
assessment codes. These implement mathematical models of both deterministic and
stochastic phenomena. Their ultimate output is a set of values for the performance
measures, whose distribution can, then, be analysed. A  detailed discussion of these
diagrams and the derivation of utility values are beyond the scope of this paper.

The performance indices allow each stakeholder to rank the available decision alter-
natives in order of preference (the most desirable alternative has the highest PI). These
results are the starting point of a deliberative process that produces the ultimate recom-
mendations from the stakeholders to the decision maker (A postolakis and Pickett, 1998).
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1In our  case study, some stakeholders felt that the objective ‘Minimize Long-Term Risk to Public Health and Safety’
should be in the category ‘Human Health and Safety’ (Fig. 3). Most of them, however, wished to move this objec-
tive under the category ‘E nvironment’ and to change the name of the category ‘Human Health and Safety’ to
‘Worker Health and Safety.’ Accordingly, two value trees, were developed and analysed.
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2.3. Combination of weights

A s it is evident from Equation 1, the weights needed for making a decision are the
weights of the performance measures themselves. Therefore, strictly speaking, one could
skip the assessment of higher-level weights, e.g., at the impact category level, and
compare directly the PMs with each other. This, however, is not easy for the stake-
holders. Comparing elements at the same level in the tree, e.g., impact categories � rst,
then objectives within each category, has been found to be much easier for people to
handle. It also reduces the total number of comparisons involved.

The procedure starts at the impact category tier: all the categories are given a weight,
ranging from 0 to 1, so that the ratios re� ect the relative importance of the categories
and the sum of all the weights is unity. This is accomplished through pairwise compar-
isons, as we will discuss in the next section.

The second step consists of the comparison of the objectives within each category.
A s done at the higher level, the objectives are compared two at a time and the result
is a weight between 0 and 1 for each objective. A gain, the weights are normalized to
unity. It is important to note that the weights so obtained re� ect the relative impor-
tance of the objectives within the impact category. This implies that, at this stage, it
would be meaningless to compare the weights of objectives that belong to different
categor ies. This can be done only after multiplying each objective’s weight by the weight
of the corresponding category.

A s an example, Fig. 3 shows that, using input from stakeholder no. 2, the objective
‘Promote Environmental Justice’ is assigned a weight of 0.833, while the objective
‘Promote Community Q uality of Life’ is assigned a weight of 0.167 (both are under the
category ‘Socioeconomic Impacts’). A t the same time, under ‘Human Health and
Safety’, the objective ‘Minimize Long Term Risk to Public H ealth and Safety’ was
judged as important as the objective ‘Minimize Short Term R isk to Public & Worker
Health & Safety’. Each objective received a relative weight of 0.50. This does not mean,
however, that the objective ‘Promote Environmental Justice’ is this stakeholder’s main
concern. In fact, the category ‘H uman H ealth and Safety’ is more important than the
category ‘Socioeconomic Impacts’ (0.376 versus 0.021) . The absolute weights of the
objectives are obtained by multiplying the relative weights (i.e., within each category)
by the weight of the category itself. Thus, the objectives ‘Minimize Long Term Risk to
Public H ealth and Safety’ and ‘Minimize Short-Term R isk to Public & Worker Health
& Safety’ receive a weight of 0.188 (0.50 ´ 0.376) each, while the objective ‘Promote
Environmental Justice’ receives 0.017 (0.833 ´ 0.021) only, re� ecting this stakeholder’s
concern for Health and Safety.

The last step is the comparison of PMs relative to the same objective. When the
weights are multiplied by the absolute weights of the objectives, absolute weights are
obtained for  the PMs. The results for stakeholder no. 2 are shown in Fig. 3.

It is important to emphasize that the pairwise comparisons must be carried out in
the context of the speci� c problem under investigation. When the stakeholders were
asked to perform pairwise comparisons at the impact category level (for example), they
were not comparing ‘Human H ealth and Safety’ to ‘Socioeconomic Impacts’ in general,
but, rather, for the speci� c problem at hand. This required a discussion with the stake-
holders of the ranges of impacts that were expected for this problem. A s the actual
performance measure ranges had not been fully developed yet in our case study, this
discussion was largely qualitative with some quantitative estimates. In the case of this
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site, the contamination was not high and the stakeholders were fully aware of the fact
that no severe impacts were anticipated. When the actual ranges became available
several weeks later, one stakeholder who had been particularly interested in the ranges
was asked whether she would like to modify the weights that she had assigned. She
declined stating that the original set was representative of her preferences even in the
light of the new quantitative information.

Finally, it should be once more emphasized that the approach addresses only the
individual preference of the stakeholder, and it does not provide any direct quantita-
tive or qualitative method to reconcile the possible con� icts among stakeholders. O n
the other hand, the approach is structured in such a way that such possible con� icts
are easily traceable down to their basic constituents and reasons, so that many insights
can be provided to the decision-maker who has to perform the integration of the various
stakeholders’ preferences. The deliberative process that integrated the stakeholders’
views is described in Apostolakis and Pickett (1998).

The problem is now reduced to the elementary prioritization procedure, that is, the
weight assessment within a given level. This involves pairwise comparisons, as we will
discuss in the next section.

3. The Analytic Hierarchy Process

The weights for the elements on a given tier of the value tree could be obtained by
simply asking the stakeholders to assign them. This apparently simple method, however,
is not satisfactory because it does not delve deeper into the stakeholder preferences.
This is important since it is well-known that people have dif� culties expressing their
preferences in a consistent manner. Thus, a method that allows us to elicit information
at a more elementary level is desirable. A t the same time, we recognize that such a
method is bound to be fraught with uncertainties. Consequently, we have decided to
use a structured method for preference elicitation and, then, to have a session with
each stakeholder in which the results of this method are discussed, inconsistencies are
pointed out, and the set of � nal weights is produced. In other words, we do not rely
exclusively on the chosen method to produce the weights.

A number of methods for  estimating the weights wk
i has been proposed in the liter-

ature (Clemen, 1991). O ne approach that has been implemented in risk assessments is
to estimate a monetary equivalent for each PM. A n example of how monetary equiv-
alents and constructed scales are formed can be found  in Keeney and von Winterfeldt
(1994), where strategies to manage nuclear waste from power plants are compared. A
drawback of the method is the emotional response of the stakeholders when they are
asked to express all PMs in terms of dollars, especially when delicate issues, such as
the value of life, are involved.

The Analytic H ierarchy Process (A H P) recognizes that inconsistency in comparisons
is expected and its investigation can lead to useful insights into the stakeholder’s pref-
erences.

To clarify this point, assume that three elements, say A, B and C are to be priori-
tized. This could be done by assessing the relative importance of A  and B, and of B
and C. In principle, one might say that if A  is as important as B, and B is twice as
important as C, then A  must be twice as important as C. This reasoning, though, would
rely on the hidden assumption that one can assess the importance ratio of two elements
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by comparing them indirectly with a third one. In our example, the relative preferences
over A  and C are obtained indirectly through  comparisons with B. Strictly speaking,
this information is indeed suf� cient to supply all the weights, but unfortunately, in real
cases, this seemingly obvious transitivity property – and the implied rational behaviour
of the stakeholder – is not warranted. This means that, in a real case, if the apparently
unnecessary direct comparison between A  and C, is made, it is very likely that the
result will be different from the expected one (i.e., the one obtained through indirect
comparison with B). For this reason, more than the strictly necessary information is
elicited.

In general, when n elements are compared, all the possible [n(n–1)]/2 pairwise
comparisons are elicited (in the preceding example, n equals 3, therefore, there are
three possible pairwise comparisons).

In A H P, judgements are ratio judgements, but are expressed in linguistic terms such
as ‘weakly preferred’ or ‘moderately preferred.’ Table 2 shows the semantic scale. It is
explained below.

Let us consider the prioritization of four elements A , B, C, and D. Pairwise compar-
isons are performed for all the possible 4 ´ 3/2 = 6 pairs. For each pair, the assessor is
asked which element is more important and how strongly in terms of the semantic scale.
Using Table 2, this assessment is converted to a number s that is designated as the
entry aij of A , the matrix of pairwise comparisons. The entry aij indicates by how much
the ith element is preferred over the jth element. If the opposite is true, i.e., if the jth
element is preferred over the ith element, the inverse of s is used for aij, i.e., aij = 1/s
and aji = s. Note that this does not assume any transitivity property, as no third element
is involved. From this de� nition, it follows that the diagonal elements of matrix A are
equal to unity, since any element is as important as itself.

R eturning to our example, if the stakeholder estimates that C is somewhere between
equally and weakly more important than D , then, from Table 2 we see that s is 2. C
is more important, so s is inserted into the matrix at the 3rd row and 4th column (i.e.,
a34 = 2). The value of 1�2 is inserted in the symmetric position, i.e., a43 = 1/2. Similarly,
all the elements of the matrix can be determined. Table 3 shows the matrix of pair-
wise comparisons for this hypothetical example. A s an example, the entry a41 is equal
to 1/8. This means that the assessor judged element A  to be between demonstrably and
absolutely more important than D . Since D has a rating of 1/8 with respect to A  and
C has a rating of 2 with respect to D , consistency requires that A  have a rating of
exactly 4 with respect to C, i.e., A  must be somewhere between weakly and strongly
more important than C. This would preserve the transitivity property among the
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Table 2. Semantic scale used in an AH P prioritization.

1: if the two elements are equally important.
3: if one element is weakly more important than the other element.
5: if one element is strongly more important than the other element.
7: if one element is demonstrably or very strongly more important than the other element.
9: if one element is absolutely more important than the other element.
Numbers 2, 4, 6 and 8 can be used to express compromise between slightly differing 
judgments.



elements A , C, and D . A s the table shows, this is indeed the case here (Table 3 is
constructed so that the judgements are consistent).

The priority weights are derived from the matrix A . A  number of possible algorithms
are discussed by Fichtner (1986) . Saaty (1996) recommends computing the weights as
the components of the eigenvector of A associated with the largest eigenvalue l max (the
principal eigenvector), normalized so that the sum of its elements is unity. He offers
an intuitive argument in support  of what at � rst glance might appear to be an exotic
method for weight calculation. A  simple computer program carries out the necessary
calculations. The last column of Table 3 contains the priority weights for the elements
of A, B, C and D  of the previous example (the principal eigenvector). Note that, in
this case of consistent entries, all the columns are proportional to this eigenvector, while
the rows are proportional to the inverse of its elements. In the inconsistent case, these
properties do not hold.

Deviation from consistency is measured by the inconsistency ratio2 which is de� ned
as the ratio of the inconsistency index [( l max–n) / (n–1)] to the expected value of the
inconsistency index of an n by n matrix derived from random assessments (random
index), where n is the number of elements being compared (and, thus, the dimension
of the matrix).

In the case of perfect consistency l max is n (see footnote 2)  and the index is zero.
A ccordingly, the inconsistency ratio is zero as well. On the other hand, if the compar-
isons are carried out randomly, the inconsistency ratio is 1. A n inconsistency ratio of
about 0.10 or less is usually considered acceptable. We note that this ratio is for the
analyst’s use and it is not communicated to the stakeholder. When the inconsistency is
relatively high, the analyst looks for the inconsistencies in the stakeholder’s pairwise
comparisons and points them out to the stakeholder who is, then, free to change them
so that greater consistency can be achieved. Telling the stakeholder that a mathemat-
ical quantity called the inconsistency ratio is high does not serve any purpose and, in
fact, can be detrimental.

As stated earlier, after the calculations are carried out, it is imperative that the results
be shown to the stakeholders, to give them the oppor tunity to con� rm that they indeed
re� ect their judgement of the relative importance of the elements. This is of extreme
importance, as it would be naive to assume that any procedure of this nature would
be capable of producing the correct weights directly. Rather, the application of A HP

20 A ccorsi et al.

Table 3. Matrix A of pairwise comparisons and weight derivation via A HP.

Matrix A A B C D W eights

A 1 2 4 8 0.53
B 1/2 1 2 4 0.27
C 1/4 1/2 1 2 0.13
D 1/8 1/4 1/2 1 0.07

Total 1.00

2The concept of inconsistency ratio is based on the observation  that, in the consistent case, all rows are propor-
tional to each other and all the eigenvalues are 0, except for the largest eigenvalue, which is equal to n. In
mathematical terms, this is due to the fact that the matrix A has trace equal to n and rank equal to 1. Note that
Saaty (1996) calls it the consistency ratio.



should be interpreted as a means of obtaining an approximate set of weights which is
to be re� ned through successive iterations with the stakeholder. The inconsistency ratio
can be used to identify the extent and root causes of potential inconsistencies thus
focusing the discussion of the results on the points that have the highest potential of
enhancing the accuracy of stakeholder input.

4. Insights gained from the case study

This section contains the insights gained from the case-study experience. For simplicity,
the discussion is limited to the impact category level. A s an example, however, Fig. 3 shows
the relative weights (as obtained at each level, in parentheses) and the absolute weights
for stakeholder no. 2. Similar trees were drawn for each stakeholder and there is no
attempt to combine the trees or the weights assigned by the stakeholders at this point.

4.1. Interaction with the stakeholders

A fter the pairwise comparisons elicited from each stakeholder were processed to
produce the relative weights, a session was held with each stakeholder separately to
discuss his/her individual results. In general, most stakeholders agreed that the pro-
cedure had produced a correct ranking and suf� ciently accurate weights. Some stake-
holders, however, did raise questions about the derived results and requested further
explanations from the analysts.

The representative from the County Environmental H ealth Department, stakeholder
no. 11, provided the assessments summarized in Table 4. The calculated weights for
the impact categories are reported in the same table. When he was shown these results,
the stakeholder suggested that the category ‘Life Cycle Cost’ (LCC) should be ranked
fourth, i.e., above the ‘Socioeconomic Impacts’ and ‘Programmatic A ssumptions’ cate-
gories. The stakeholder added, however, that this was not a major concern to him,
because the weights of these three categories were very close to each other.

We pointed out to the stakeholder that his suggestion was inconsistent with his earlier
input. Indeed, as the matrix in Table 4 shows, in the direct comparison between ‘Life
Cycle Cost’ and ‘Programmatic Assumptions’, the stakeholder had given priority to the
former (the corresponding matrix entry, a65, equals 3, indicating that this stakeholder
considered LCC as weakly more important than ‘Programmatic Assumptions’). This
stakeholder’s fairly high inconsistency ratio, 0.2, drew the analyst’s attention and a more
detailed scrutiny of the stakeholder’s stated preferences was undertaken.

Considering the � rst four entries of the last two rows of the matrix in Table 4 indi-
cates that the category ‘Programmatic Assumptions’ always dominates ‘Life Cycle Cost’.
In fact, a62 indicates that ‘Life Cycle Cost’ is judged to be three times less important
than the category ‘Cultural’, which is judged as important as ‘Programmatic
A ssumptions’ (entry a52). If the stakeholder were consistent, this would imply that the
category ‘Programmatic A ssumptions’ should be three times as important as ‘Life Cycle
Cost’. As this was repeated in every column (except, of course, for the direct compar-
ison a65), it is not surprising that the AH P ranked ‘Life Cycle Cost’ last. Thus, the
stakeholder’s desire to rank ‘Life Cycle Cost’ higher is not to be ascribed to a � aw in
the algorithm, but to this stakeholder’s inconsistency.

H aving identi� ed the problem with the last two rows, it is reasonable to investigate
what happens when these inconsistencies are corrected. Thus, Table 5 is produced.
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In this case, the inconsistency ratio is improved to 0.15. The ranking is now exactly the
ranking that the stakeholder suggested.

Another interesting insight came from stakeholder no. 6, whose ranking was the one
shown in Table 6(I). A fter reviewing this result, the stakeholder did not agree and
directly expressed the preferences of Table 6(II). The major difference is the reversal
in the ranking of the categories ‘Programmatic A ssumptions’ and ‘Cultural’. Although
in the questionnaire itself the direct comparison was in favour of the ‘Cultural’ cate-
gory, as shown in the weight vector of Table 6(I), the stakeholder was surprised that
she had done so. She, then, proceeded to change the weights to the new set shown in
Table 6(II). This is a good example of direct � ne-tuning of the results by the stake-
holder. The AH P analysis gives a � rst set of preferences, which the stakeholder is free
to adjust after reconsideration of the original pairwise comparisons.

In the next example (unlike the preceding two examples), the interaction with the stake-
holder was initiated by the analysts (i.e., us), after we noticed a high inconsistency ratio.
Table 7 shows the results for stakeholder no. 1. The inconsistency ratio is 0.1930. U pon
investigation, we realized that if the category ‘Life Cycle Cost’ were not considered, 
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Table 4. Matrix of pairwise comparisons and weights for stakeholder no. 11.

Environ Cultural HH&S Socioec Program LCC

Environ 1 7 1/7 7 7 9
Cultural 1/7 1 1/5 3 1 3
HH&S 7 5 1 5 5 7
Socioec 1/7 1/3 1/5 1 1 3
Program 1/7 1 1/5 1 1 1/3
LCC 1/9 1/3 1/7 1/3 3 1

HH&S Environ Cultural Socioec Program L CC Total

Weights 0.500 0.276 0.078 0.055 0.046 0.045 1

Table 5. New matrix for stakeholder no. 11.

Environ Cultural HH&S Socioec Program LCC

Environ 1 7 1/7 7 9 7
Cultural 1/7 1 1/5 3 3 1
HH&S 7 5 1 5 7 5
Socioec 1/7 1/3 1/5 1 3 1
Program 1/9 1/3 1/7 1/3 1 1/3
LCC 1/7 1 1/5 1 3 1

HH&S Environ Cultural L CC Socioec Program Total

Weights 0.513 0.274 0.074 0.059 0.052 0.028 1



the inconsistency ratio would drop dramatically to 0.0074. This is a very valuable hint
pointing to a major source of inconsistency. The matrix shows that the category
‘Environment’ is ‘very strongly’ more important than the category ‘Cultural’ (corre-
sponding entry a12 = 7) and equally important as ‘Life Cycle Cost’ (a16 = 1). Entry a26 = 5,
however, indicates that the category ‘Cultural’ is ‘strongly’ more important than ‘Life
Cycle Cost,’ a preference that contradicts the preceding preferences. When the stake-
holder was told of this, she attributed it to a trivial error  in � lling out the questionnaire and
asked to change the last entry. A s the stakeholder wished to make other changes as well,
she was given a new form at the following workshop. Getting more familiar with the ques-
tionnaire, the stakeholder improved her inconsistency ratio down to 0.14.

4.2. Extreme inconsistency

Table 8 shows the most inconsistent matrix that was produced (stakeholder no. 7) . The
stakeholder agreed with the results, but the inconsistency ratio, 0.26, was exceptionally
high. This is not surpr ising, if we note that, while in the second row the categories
‘H uman Health and Safety’ and ‘Socioeconomic Impacts’ seem to be equally impor-
tant, each being seven times less important than the category ‘Cultural’ (i.e.,
a23 = a24 = 7), their direct comparison records a 9 (a34 = 9) in favour of ‘H uman H ealth
and Safety,’ whereas a consistent judgement would require a34 = 1.

A  second reason for the high inconsistency ratio of the complete matrix is found in
the last two columns: it is evident that the categories ‘Environment’, ‘Cultural,’ and
‘H uman Health and Safety’ should be of equal importance. D espite this, we � nd in the
third column that the category ‘Cultural’ is ‘very strongly’ more important than HH &S
(i.e., a23 = 1/7), while ‘Environment’ is ‘absolutely’ more important than HH &S (i.e.,
a31 = 1).
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Table 6. Preferences of stakeholder no. 6.

(I) HH&S Environ Socioec Cultural Program L CC Total

Weights 0.333 0.272 0.137 0.114 0.100 0.045 1

(II) HH&S Environ Socioec Program Cultural L CC Total

Weights 0.333 0.272 0.127 0.120 0.104 0.045 1

Table 7. Matrix of pairwise comparisons for SH 1.

Environ Cultural HH&S Socioec Program LCC

Environ 1 7 1 5 9 1
Cultural 1/7 1 1/9 1 1 5
HH&S 1 9 1 7 9 9
Socioec 1/5 1 1/7 1 1 1
Program 1/9 1 1/9 1 1 1
LCC 1 1/5 1/9 1 1 1



This is a case of ‘scale saturation’. The categories ‘Environment’, ‘Cultural,’ and
‘Human Health and Safety’ are preferred absolutely when compared to categories
perceived as much less important (‘Programmatic A ssumptions’ and ‘Life Cycle Cost’).
This is expressed with the highest possible score (a13 = a14 = a15 = a16 = 9) resulting in the
‘saturation’ of the scale, which makes all these categories appear as equally important.
H owever, this does not appear to be true when these ‘important categories’ are compared
among themselves (for instance, a12 = 5 in lieu of 1), thus leading to inconsistency.

Another surprising result is that this stakeholder ranks the category ‘Life Cycle Costs’
last, even though he is a representative of the site owner.

A solution could be the use of a wider scale, i.e., not limited to 9. A  second solu-
tion could be to create two new groups. These would be compared as groups at a new,
higher level (see Fig. 4). The two groups of categor ies would then be compared to each
other and the weights composed hierarchically as outlined in Section 2.3.

The discussion of these results among the analysts brought  up the general attitude
of this stakeholder. There was unanimous agreement that this stakeholder had not taken
the whole exercise seriously and that he seemed to be more interested in challenging
the analysts than in participating in the process. This was con� rmed later, when the
stakeholder stopped coming to the meetings, thus depriving us of the opportunity to
work with him to revise his assessments along the lines outlined above.

4.3. Whom  do the stakeholders represent?

D uring the elicitation, a question was raised as to whether the stakeholders should
represent themselves or their organizations, since their personal views on some matters
did not necessarily coincide with those of their organizations. A  stakeholder even
claimed that she could represent at least three different perspectives: the private
citizen’s, the employee’s, and the employer’s. It was decided that a stakeholder should
represent his/her institution. A ccordingly, it was expected that, if an institution were
represented by different representatives at the workshops, the weights obtained from
their questionnaires would look very similar. This was con� rmed in our case study.

At the second workshop a new person represented the County Environmental H ealth
D epartment. To ensure consistency, this person was asked to � ll out the same A HP
questionnaires that his colleague had completed at the � rst workshop two months
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Table 8. Matrix of pairwise comparisons for the most inconsistent questionnaire (SH7).

Environ Cultural H H&S Socioec Program LCC

Environ 1 5 9 9 9 9
Cultural 1/5 1 7 7 9 9
HH&S 1/9 1/7 1 9 9 9
Socioec 1/9 1/7 1/9 1 5 7
Program 1/9 1/9 1/9 1/5 1 1
Cost 1/9 1/9 1/9 1/7 1 1

Program LCC Socioec Cultural Environ HH&S Total

Weights 0.020 0.018 0.052 0.266 0.507 0.137 1



earlier. The � rst representative was stakeholder no. 11 whose � nal set of weights is
shown in Table 5. Table 9 shows the weights of both stakeholders. Even though the
actual weights are different, the overall ranking of the categories by the two stake-
holders is the same.

4.4. Results for all the stak eholders

Table 10 shows the weights that our analysis produced for all the stakeholders.
A s discussed in Section 2.1, the stakeholders in our case study led us to the development

of two value trees (see footnote 1). This is why in Table 10 the weights are reported sepa-
rately. The top part contains the results for the stakeholders who maintained ‘Public
Health and Safety’ under the category ‘Human H ealth and Safety’ (value tree V1), while
the bottom part reports the weights of those stakeholders who opted to place ‘Public
Health and Safety’ under the impact category ‘Environment’ (value tree V2).

It is dif� cult to identify clear trends. The categories ‘Human Health and Safety’ and
‘Environment’ score the highest in both groups, a result that is not unexpected.
Stakeholders af� liated with the site owner tended to give higher weight to the 
category ‘Life Cycle Cost’ than other stakeholders.

4.5. Sensitivity analysis

The assessed weights were used within the framework of Equation 1 to provide a
ranking of the proposed RA A s for each individual stakeholder. The approach used to
evaluate the utility preferences of each stakeholder over the impacts of the various
performance measures will be presented in a forthcoming paper.

For the validity of the results, an essential phase of the study involves a sensitivity
analysis to investigate how the rankings of the alternative remediation actions change
when the inputs to the decision analysis differ from the best estimate values. In partic-
ular, we have focused our attention on the variability of the subjective importance weight
assignment to the various issues of concern in the decision context. The results obtained
can be found in Z io and A postolakis (1998) . The analysis has allowed us to test the
robustness and stability of the results obtained and provides signi� cant insights which
have proven useful for the successive deliberative phase of the process, in which the
stakeholders are asked to reach a reasonable degree of consensus on potential recom-
mendations to the regulatory agency on the implementation of a remediation technology.
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Fig. 4. A dditional tier proposed for treatment of extreme inconsistency.

Impact categories



5. Conclusions

In this paper we presented, through an application to an environmental management
problem, a simple method for eliciting and processing stakeholder priorities. The
method provides the weights wk

i necessary for the calculation of the PI of the different
alternatives. In this sense we are not prioritizing the alternatives, yet we are calculating
a quantity essential in their prioritization. In particular, A H P was used to perform pair-
wise comparisons on the impact categories of the top structure of the value tree.

The basic approach to the problem was that no mathematical method could be relied
upon to produce accurate weights for  the impact categories. Most of the proposed
methods in the literature have advantages and disadvantages. Criticisms of the A H P
include the possibility of rank reversal and the use of the scale 1–9. These issues have
been extensively debated in the literature.

The issue of rank reversal is a major concern in A H P applications. It was � rst 
identi� ed by Belton and G ear (1983) and was later discussed by D yer (1990a , 1990b)
and H older (1990). The question is whether the ranking is preserved when the set of
alternatives is changed either by adding or dropping one or more alternatives. A  
reply was given by Saaty (1990) and H arker and Vargas (1990), with reference to the
previous publication by Saaty (1987). A lso Forman (1986) provides some insights on
the topic. In these papers, it is argued that rank reversal is not always an undesirable
effect, and indeed suits several cases. Therefore, it can not be dismissed as a � aw in
the algorithm.

In our case the dif� culty was overcome by using AH P in its absolute mode. A bsolute
scales against which the alternatives are compared were built and are the u k

ij of Equation
1. This makes the approach very close to standard Multi-Attribute U tility Theory
approaches as both sides of the debate agree, and rules out the possibility of rank
reversal.

It should be emphasized that the ranking of the alternatives cannot be achieved by
the wk

i alone. O ne must use Equation 1, i.e., the utilities must be assessed also (as
discussed above). Only then the alternatives for each stakeholder can be ranked. A t
this point, a deliberation among the stakeholders can begin to reach consensus, as
discussed in A postolakis and Pickett (1998).

We used A HP as a � rst generator of priorities that had to be reviewed by each 
stakeholder. We found that the results were generally satisfactory to the stakeholders.
We also found  that the inconsistency ratio was very valuable to the analysts in discussing
the results with the stakeholders and pointing out to them inconsistencies between their
pairwise comparisons and their overall rankings of the impact categories.

26 A ccorsi et al.

Table 9. Comparison of rankings for the two representatives.

HH&S Environ Cultural L CC Socioec Program Total

First repr.

Weights 0.513 0.274 0.074 0.059 0.052 0.028 1
Second repr.
Weights 0.398 0.387 0.078 0.070 0.042 0.025 1
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In our interactions with the stakeholders, we made sure that computing facilities were
available so that the A HP results could be produced in real time as the stakeholders
revised their inputs. This was appreciated by the stakeholders and was a signi� cant con-
tributor to building trust in the analysts and the project in general. The more technical
stakeholders asked questions about the mathematical foundations of the A H P, while the
non-technical stakeholders did not particularly care about the mathematics. They did,
however, seem to be impressed by the fact that we were able to point inconsistencies in
their inputs, which they also recognized as such and they were willing to modify.
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